ABSTRACT
Introduction
Azo dyes pollutants are being increased in the environment because of wide uses in various industries such as textile, paper and some other related industries. Their toxic and low biodegradation rate has obligated the researchers to focus on an efficient and low-cost method for treatment of azo dyes 1 .
Various processes have been proposed for wastewater treatment including adsorption 2, 3, floatation and sedimentation 4 , coagulationflocculation 5 , biological treatment 6 , reduction with zero-valent metals 7 and advanced oxidation processes (AOPs) such as UV/H 2 O 2 , UV/O 3 , UV/Fenton's reagent, etc 8 . Photocatalysis process with semiconductor is one of AOPs that is used for photodegradation of various organic pollutants 9 and also, utilization of zero-valent metals such as Fe 0 (ZVI) as a reducing agent, has received wide attention 10 . In the previous studies, the removal of several pollutants such as chlorinated organics 11, 12 , azo dyes 13 , chlorinated organic compounds 14, 15 and metals 16, 17 has been reported by the reduction process.
However, these approaches are not without their disadvantages, particularly the inability to complete mineralization (depredating to inorganic materials) 18 . For this reason, the researchers focused on integrated processes for complete mineralization of pollutants, especially azo dyes.
Chang et al. reported an integrated technique including zero-valent iron and UV/H 2 O 2 processes for complete mineralization of an azo dye 19 . In another research, Shu et al. integrated nanosized zero-valent iron (NZVI) particles with UV/H 2 O 2 process for more decolorization of acid black 24 20 . They reported that the reduction process by NZVI was connected to the UV/H 2 O 2 process; so, it could solve the above problem and thoroughly eliminated TOC up to complete color reduction when 93.9% TOC removal was achieved. Also, Khani et al. used nanosized zero-valent iron-ZnO photocatalyst system for more degradation of acid orange 7 . Thus, in full mineralization, integrating (connecting) the two processes such as the zerovalent metal reduction and photooxidation were proposed to obtain complete decolorization and mineralization. It also saved time and energy 7 . In this study, the prepared redox nanocomposite (nano zero-valent zinc immobilized on nano zinc oxide) employs both of reductive decolorization and photodegradation processes for the removal of methyl orange (MO) with zero-valent zinc (Zn 0 ) and ZnO photocatalyst, respectively. 
Materials and Methods

Chemicals and materials
The prepared sample was separated by centrifuging. The preparation process of nZn 0 -ZnO including synthesis-immobilization, washing, and drying carried out under Argon gas flow. To evaluate supporting treatment, nZn 0 -ZnO was leached twice with deionized water and then dried (in the oven for one hour under Argon gas flow). During the treatment, tangible weight difference of prepared sample (nanocomposite) was not observed which indicates ZVZ immobilized on ZnO, properly. A Leo 440i scanning electron microscope (SEM) followed by Au coated by the sputtering method using a coater sputter SC 761 were applied to determine the morphology of the prepared redox nanocomposite.
Redox degradation experiment
For the redox degradation of MO, a solution was prepared that contained the known concentrations of MO. Then, one liter of the prepared solution was transferred into the designed photoreactor ( Figure 1 ) and agitated with a magnetic stirrer during the experiment. To evaluate the effect of temperature on redox degradation, the solution temperature was adjusted with a heating-cooling system. Then the UV-C lamp (8 W, Philips, the light intensity of 0.4 klx measured with a lux meter, Leybold-Heraeus) was switched on, and the experiment began. The concentration of the MO solution was determined with total organic carbon (TOC) analyzer (Shimadzu TOC-VCSH, North America). The removal degree of MO was calculated at different time (0-90 min) intervals using the 
X% is the percent removal, C 0 is the initial concentration of MO, and C t is the concentration of MO at the time, t. All experiments were done three times (variance = 0.044), and the experiments were performed in the designed batch reactor (Figure 1 ). 
Kinetics study experiment
For a kinetics study in different temperatures and for determining the activation energy (E
Results
Redox nanocomposite characterization
The results from X-ray Diffraction (XRD) analysis are shown in Figure 2 
K is a constant which is 0.89, λ is the XRD wavelength which is 0.154 nm, β is the full width at half maximum (0.0036 Radian), and θ is the half diffraction angle which is 21 (2Ө = 42). The calculation indicates that the average particle size of Zn 0 is about 100 nm. Besides, this figure clearly shows the same pattern for the prepared nZn 0 -ZnO comparing to the standard ZnZnO powder. Figure 3 shows the SEM image of the surface of the prepared nanocomposite. The SEM analysis demonstrated that the most particles of prepared nanocomposite have particle sizes below 100 nm. As can be seen in Figure 4 , UV-C only cannot remove MO by photolysis process, and the redox nanocomposite showed the highest degradation efficiency (X% = 93.82). The degree of degradation for nZnO and nZVZ was 82.11% and 31.14% after 90 min, respectively. Figure 4 also showed that both the light (UV) and the prepared nanocomposite were needed for the effective destruction of MO 8 . Also, nZn 0 -ZnO (in the darkness condition) and only UV light do not affect the adsorption and photolysis of MO.
Kinetics study
Kinetics of the redox degradation reaction was studied for calculation of the apparent rate constant (k app ) 8 . In the literature, the following pseudo-firstorder reaction model can be used to describe the rate phenomena observed for the degradation process with solid phase nanocomposite. 
Where, r MO is the rate of reaction (redox degradation of the solute MO), C MO is the MO concentration, t is the time of the reaction, k r and K are the reaction and adsorption constants associated with the MO, respectively.
However, in the case that the concentration is low, the term KC MO is often negligible. So, the apparent reaction rate will follow a pseudo-firstorder model. The equation was integrated under this assumption with boundary conditions of C MO = C MO,0 at t = 0 and yielded:
C MO,0 is the initial MO concentration, and k app is the apparent first order rate constant. The catalytic reactions in many cases show this behavior 8 . The relative deviation modulus, P was used for determination of linear trend of the line (-ln (C MO /C MO,0 ) vs. t) ( Figure 5 ). When the value of P is below five, it indicates that the experimental data has suitable fitting with the straight line 2 . According to the value of P, the redox reaction follows pseudo-first-order kinetics.
The apparent rate constant calculated from the slopes of the lines (-ln (C R /C R0 ) vs. t) is shown in Table 1 . As shown in Table 1 , the apparent rate constant (k app ) rises when the temperature increases. The results also indicate that the temperature increase has a significant positive effect on the reaction rate and consequently on the removal degree of MO.
Also, for the calculation of activation energy, the Arrhenius equation was used as and T = temperature in K.
The low activation energy (E a ) value (4.05 KJ.mol -1 ) suggests that redox degradation of MO is limited by diffusion step and apparent rate constant reflects the rate at which MO molecules migrate from the bulk solution to the reaction zone on the redox nanocomposite surface 9 .
Conclusion
XRD analysis revealed that the crystallite size (mean coherence length) of zero-valent zinc was 28 nm. As compared to ZnO nanopowder and Zn 0 , the prepared redox nanocomposite showed high degradation efficiency for the removal of methyl orange from the aqueous solution. After 90 minutes, TOC analysis showed that the removal degree (X%) of MO for nZn 0 -ZnO, nano ZnO and nano Zn 0 was 93.82, 82.11 and 31.14%, respectively. The kinetics analysis demonstrated that the degradation process of MO fits well into the pseudo-first-order kinetic model on the basis of P.
